Size-tunable crystalline core-crystalline shell Zn 2 GeO 4 nanorods were synthesized via a facile hydrothermal reaction. High purity Zn 2 GeO 4 nanorods were obtained at pH ¼ 7. The length of Zn 2 GeO 4 nanorods (L ¼ 50-100 nm) can be controlled through a one-step process, while micro-sized nanorods with an aspect ratio of the length to the diameter of 10 were yielded in a two-step process. The single crystalline nature of Zn 2 GeO 4 nanorods with a core-shell structure was verified by high resolution transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED) measurements. The Raman study revealed that there is no oxygen defect ðV $ O Þ in Zn 2 GeO 4 nanocrystals, suggesting that photoluminescence emission of Zn 2 GeO 4 can be attributed to the presence of the interstitial Zn defect ðZn $ i Þ in Zn 2 GeO 4 nanocrystals. As the diameter of nanorods decreased, the excitation and emission peaks appeared to be redshifted due to the quantum size effect.
Introduction
Zn 2 GeO 4 nanomaterials have attracted great attention as important functional materials for applications in electrochemical sensors, electronic devices, optical devices and catalysts. For example, RuO 2 -dispersed Zn 2 GeO 4 is a stable photocatalyst for water splitting.
1 Zn 2 GeO 4 nanocrystals with a one-dimensional (1D) hexagonal structure possess superior photocatalytic activities to decompose a water-methanol solution into hydrogen under UV irradiation.
2 Zn 2 GeO 4 -ethylenediamine hybrid nanoribbon membranes exhibit an excellent recyclability and high selectivity for highly efficient removal of heavy metal ions from contaminated water. 3 Moreover, Zn 2 GeO 4 can be utilized as a candidate for high-capacity anodes in lithium batteries. 4 They are also dielectric ceramics with excellent microwave properties 5 and high conductivity electrolytes.
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The Mn-doped Zn 2 GeO 4 (i.e., Zn 2 GeO 4 :Mn) shows green luminescence, and can be employed for alternating-current thin-lm electroluminescence devices. 7, 8 Zn 2 GeO 4 particles display whitebluish emission, and their photoluminescence (PL) is brighter than that of ZnO phosphor. 9 The PL peaks of Zn 2 GeO 4 are located at 421 nm, 10 surfactant-assisted hydrothermal synthesis, 15 solvothermal reaction, 2b,11 hydrolysis of alkoxides, 16 and aqueous processes. 17 Among them, the hydrothermal method stands out as an effective strategy to produce Zn 2 GeO 4 nanorods. Notably, crystalline Zn 2 GeO 4 particles can be easily synthesized through the solid-state method.
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Recently, Zn 2 GeO 4 nanorods composed of a crystalline core-amorphous shell have been prepared. 3, 9 However, core-shell Zn 2 GeO 4 nanorods with both the core and shell being crystalline have not yet been reported. Herein, we report the synthesis of size-tunable crystalline core-crystalline shell Zn 2 GeO 4 nanorods via a facile hydrothermal reaction. Interestingly, the length of Zn 2 GeO 4 nanorods (L ¼ 50-100 nm) can be readily controlled through a one-step process, while micro-sized nanorods with an aspect ratio of the length to the diameter of 10 were yielded in a two-step process. The HRTEM and SAED measurements conrmed the single crystalline nature of core-shell Zn 2 GeO 4 nanorods. The Raman experiment revealed no oxygen defect ðV $ O Þ in Zn 2 GeO 4 nanocrystals, signifying that the PL emission of Zn 2 GeO 4 nanorods can be attributed to the presence of the interstitial Zn defect ðZn $ i Þ in Zn 2 GeO 4 nanocrystals. Quite intriguingly, as the diameter of nanorods decreased, the excitation and emission peaks red-shied due to the quantum size effect.
Experimental section
All chemicals, including Zn(NO 3 ) 2 $6H 2 O (AR, Aladdin, Shanghai, China) and GeO 2 ($99.9%; Aladdin, Shanghai, China), were used as received without further purication. A one-step process to yield Zn 2 GeO 4 nanorods (L ¼ 50-100 nm) was conducted as follows. Firstly, 2 mmol Zn(NO 3 ) 2 $6H 2 O was dissolved in 60 ml distilled water, and then 1 mmol GeO 2 were added to the solution under constant magnetic stirring for 30 min at room temperature. NaOH or HCl solution (1 mol l À1 ) was then added to the above uniform solution to adjust pH. Cetyltrimethyl ammonium bromide (CTAB) was used to adjust the morphology and the size of the resulting Zn 2 GeO 4 . Finally, the mixture was transferred into a Teon-lined stainless steel autoclave with an inner volume of 80 ml. The autoclave was sealed and placed in a digital-type temperature-controlled oven at an appropriate temperature for several hours. Aer the reaction was complete, the solution was cooled down to room temperature. The product was ltered out and washed with distilled water several times. The nal powder was dried at 60 C overnight. For a two-step process that yielded micro-sized Zn 2 GeO 4 nanorods with an aspect ratio of the length to the diameter of 10, 2 mmol GeO 2 was dispersed in 60 ml distilled water. NaOH was then added to control pH ¼ 10 under constant magnetic stirring for 30 min at room temperature. Finally, the mixture was transferred into the above-mentioned autoclave, and hydrothermally reacted at 250 C for 8 h to yield single ). Transmission electron microscopy (TEM), high-resolution TEM (HRTEM) and selective area electron diffraction (SAED) images were taken with a JEM-2100HR electron microscope (JEOL, Tokyo, Japan) with an accelerating voltage of 200 kV, which was also employed to corrode Zn 2 GeO 4 nanorods for the investigation of their coreshell structures. FT-IR and Raman spectra of Zn 2 GeO 4 nanorods were obtained using a Fourier transform infrared spectrometer (Vector 33, Brucker, Germany) and Micro-Raman spectrometer (LabRAM Aramis, HJY, France), respectively. The photoluminescence (PL) spectra and their excitation (photoluminescence excitation: PLE) spectra were measured using a uorescence spectrometer (F-4500, Hitachi, Japan).
Results and discussion
In this work, pH was found to play an important role in preparing Zn 2 GeO 4 nanocrystals. Fig. 1 
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In contrast to amorphous outer layers (i.e., shells) observed in Ge nanowires, 18 silicon carbide nanowires, 19 silicon nitride nanowires, 20 Zn 2 GeO 4 nanorods 21 and nanoribbons, 3 in this work core-shell Zn 2 GeO 4 nanorods with both the crystalline core and crystalline shell were observed. The outer layer (i.e., the shell) has a spacing of 0.29 nm (Fig. 2e, h and j) , corresponding to the (113) lattice plane. Moreover, several disconnections at the core-shell interface can be seen in Fig. 2d and e. To further elucidate the core-shell structure and the growth of Zn 2 GeO 4 nanorods, we employed the high-energy electron beam from HRTEM to corrode nanorods, and found that the nanorod shell was very easy to volatilize. The electrochemical corrosion is clearly evident on the surface of Zn 2 GeO 4 nanorods, where the cores were exposed (Fig. 2f and j) . The exposed core has lattice spacings of 0.71 nm and 0.29 nm (Fig. 2h) , corresponding to that of (110) and (113) lattice planes of the rhombohedral phase of Zn 2 GeO 4 , respectively. However, the exposed core has lattice spacings of 0.41 nm and 0.29 nm (Fig. 2j) for the specimen synthesized (at 6% weight ratio of CTAB/Zn 2 GeO 4 ) at 150 C for 6 h, corresponding to the (300) and (113) lattice planes, respectively. Clearly, the core-shell structure can be observed in different specimens synthesized under various conditions ( Fig. 2a and d-j) . We thus conclude that Zn 2 GeO 4 nanorods grew along the c axis of the rhombohedral phenacite-type structure. The formation of crystalline core-crystalline shell Zn 2 GeO 4 nanorods may be rationalized as follows. Crystalline Zn 2 GeO 4 rst appeared as the core with (113) and (110) or (300) planes. Non-crystalline Zn(OH) 2 /Ge(OH) 4 were then absorbed on the core surface and formed the outer layer (i.e., the shell). The noncrystalline outer layer slowly crystallized as the reaction progressed, and nally became the crystalline Zn 2 GeO 4 shell with the (113) plane. The periodic bond chain theory predicts that the (110) plane is parallel to the c axis, which is considered to be energetically more stable than the (113) plane in crystallography.
2a,22 As a result, new crystals of Zn 2 GeO 4 would preferentially grow through the (113) plane. As evidenced in Fig. 2d and e, an amorphous layer (marked with an arrow) still existed at the tip of the nanorod. This is not surprising as the domain was not in the plane (113) of the nanorod.
FTIR spectra of Zn 2 GeO 4 nanorods are shown in Fig. 3a , where the absorption ranges of Zn 2 GeO 4 are located at 535 cm À1 and
743-801 cm

À1
, correlating well with the characteristic infrared absorption ranges of Zn 2 GeO 4 (i.e., n(ZnO 4 ) 500-600 cm À1 and n(GeO 4 ) 700-800 cm
) in the literature. 16 The local atomic structures of Zn 2 GeO 4 nanorods were revealed by Raman spectroscopy (Fig. 3b) However, this peak became too weak to be detected for the samples synthesized by the hydrothermal route, suggesting that there is no oxygen defect in the as-prepared Zn 2 GeO 4 nanorods. We note that in this work the morphology and size of Zn 2 GeO 4 nanorods can be controlled by adjusting the reaction conditions (i.e., the reaction temperature, time, and the use of surfactant) and reaction process. The inuence of the reaction temperature on the phase of the resulting Zn 2 GeO 4 nanorods is shown in Fig. 4a . Clearly, pure rhombohedral Zn 2 GeO 4 with approximately 20 nm crystalline size (calculated by the Scherrer equation) formed for all samples, regardless of the reaction temperatures, suggesting that rhombohedral Zn 2 GeO 4 has a very wide reaction temperature region at pH ¼ 7. A large amount of pure Zn 2 GeO 4 nanorods with 50-100 nm length was observed ( Fig. 4b-f ). The length of Zn 2 GeO 4 nanorods increased with the increase in reaction temperature, while the aspect ratio of the length to the diameter of nal nanorods was nearly unchanged (L/D ¼ $3). The average length of the as-prepared Zn 2 GeO 4 nanorods was roughly 53 nm ( Fig. 4b ) at 180 C. It then increased gradually as the temperature was increased. Zn 2 GeO 4 nanorods with a length of 86 nm and a diameter of 30 nm were yielded at 250 C (Fig. 4e) . The size and morphology of Zn 2 GeO 4 nanorods did not change obviously with a further increase in the reaction temperature (i.e., 270 C; Fig. 4f ). During the crystal growth, the size and morphology of the nal product depend on the competition between the crystal nucleation and the crystal growth, which is dictated by the delicate balance between the growth thermodynamics and the growth kinetics. As a direct consequence, in this work desirable size-controlled nanorods were obtained by changing the growth conditions. The high reaction temperature appears benecial to the formation of large nanorods.
Surfactants such as poly(ethylene glycol) (PEG), 11 CTAB 23,24 or amino acids 25 have been shown to exert a profound inuence on the morphology and size of nanoparticles. In this work the cationic surfactant CTAB was employed to adjust the size of Zn 2 GeO 4 hydrothermally synthesized at 150 C for 6 h as shown in Fig. 5 . Although nanorods were found to exist in all samples regardless of the amount of CTAB used, the length and aspect ratio of nanorods decreased as the amount of CTAB increased (Fig. 6) . In this work, the thickness of the shell in core-shell Zn 2 GeO 4 nanorods was in the range of 4-6 nm, as shown in Fig. S1 and S2. † It is well known that spherical micelles are dominant in a CTAB solution, in which the micelle concentration is slightly higher than its critical micelle concentration (CMC ¼ $1 mM), while worm-like micelles are predominant at higher concentrations (c CTAB > CMC). 26, 27 In the present study, at c CTAB ¼ 4%, these worm-like micelles with which the nanorods are templated (the central panel in Scheme 1) break into short cylindrical micelles under hydrothermal conditions (the right panel in Scheme 1). 28, 29 The change of cylindrical micelles into spherical micelles is driven by lower surface energy as the amount of CTAB increases. However, the number of surface hydroxyl groups on nanorods was limited at pH ¼ 7; thus the micelles are not tightly bound with negatively charged nanorods, 23 thereby leading to short cylindrical nanorods instead of spherical nanoparticles as illustrated in Scheme 1.
We now turn our attention to the two-step process with which micro-sized nanorods with a length up to 1 mm and a large aspect ratio were obtained. We rst synthesized single crystal Na 4 Ge 9 O 20 . In comparison with the single crystalline diffraction pattern of Na 4 Ge 9 O 20 shown in curve a (Fig. 7) , several diffraction peaks cannot be observed in the powder diffraction pattern of Na 4 Ge 9 O 20 (curve b in Fig. 7 ) due to the obvious oriented growth on the surface of single crystal Na 4 Ge 9 O 20 . 30 We note that Na 4 Ge 9 O 20 then reacted with Zn(NO 3 ) 2 $6H 2 O to yield micro-sized Zn 2 GeO 4 nanorods, and their XRD pattern is given in curve g (Fig. 7) . The nanorods 500-600 nm long and 50 nm wide can be synthesized using a twostep process at 150 C (Fig. 7b) . As the temperature was increased to 250 C, the length of nanorods further increased to a few micrometers with an aspect ratio of the length to the diameter of 8-10 (Fig. 7c) . The HRTEM image of nanorods (Fig. 7d) shows a single crystalline structure (Fig. 7e) . The lattice spacing of 0.334 nm corresponded well to that of the (220) lattice plane of the rhombohedral phase of Zn 2 GeO 4 . The FFT (the inset in the upper-right of Fig. 7e ) and SAED patterns (Fig. 7f) further substantiated the formation of single crystals of Zn 2 GeO 4 nanorods. The photoluminescence properties of Zn 2 GeO 4 nanorods were also explored. When the average diameter of Zn 2 GeO 4 nanorods was less than 22 nm, the excitation spectra exhibited narrow peaks located around 287-293.8 nm (Fig. 8a) , which is due to the excitation from the valence band to the conduction band of Zn 2 GeO 4 .
9 As reported in the literature, the excitation peaks located at 260 nm (ref. 9) or 290 nm (ref. 12) for Zn 2 GeO 4 nanocrystals depend on different sample preparation methods. In this work as the diameter of Zn 2 GeO 4 nanorods increased, a red shi of the excitation peak was observed due to the Photoluminescence (PL) spectra of Zn 2 GeO 4 nanorods were located around 310-360 nm (Fig. 8b) . A strong PL emission at 519 nm in the pure Zn 2 GeO 4 phase at room temperature has been reported in the literature, and its origin was attributed to a donor-acceptor recombination process based on native defects, that is, V 9 Moreover, it has been found that Zn 12 Notably, the presence of neutral-donor-bound exciton transitions in ZnO has been conrmed in the literature, and the neutral donors are the pair type complexes. 32 The PL spectra of ZnO lms showed that nearband-edge emission had a shoulder at 3.382 eV and ve distinct peaks. Among the PL peaks, the dominant emission peaks are due to the exciton transitions (D 0 X) bound to neutral donors and their excited states. 33 For ZnO nanorods with $100 nm diameter, both the spectral shape and peak position of band edge emission are affected by the concentration of defects. 34 In the present study, the emission peaks at $310 nm can be attributed to exciton transitions bound to neutral donors and their excited states. Notably, defects in nanorods play an important role in the luminescence of Zn 2 GeO 4 nanorods. As the Zn 2 GeO 4 phase is structurally open, some of Zn ions may be incorporated into the six-membered rings due to the cation disorder. Therefore, the preferential formation of Zn $ i was possibly accomplished in the nanocrystallized Zn 2 GeO 4 .
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Thus, we speculate that the interstitial Zn defect ðZn $ i Þ in Zn 2 GeO 4 exerts a marked inuence on the emission of Zn 2 GeO 4 due to the deciency in defect oxygen as revealed by Raman measurements.
The increase in the diameter of nanorods would cause a redshi in the band edge emission due to the quantum connement effect. It has been reported that ultrathin ZnO nanobelts with the thicknesses of 5.5 nm and 200 nm exhibited near band edge emissions at 373 nm and 387 nm, respectively.
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The carriers may move freely in two-dimensional (2D) nanobelts. In contrast, in the case of 1D Zn 2 GeO 4 nanorods the carriers only move freely along the long axis of nanorods. Thus, the size effect became more obvious when the diameter of 1D Zn 2 GeO 4 nanorods varied.
Conclusions
In summary, Zn 2 GeO 4 nanorods with tunable size have been synthesized through a hydrothermal route. Zn 2 GeO 4 nanorods with 50-100 nm length and an aspect ratio of the length to the diameter of 3 were produced via a one-step process. In contrast, micro-sized nanorods (up to 1000 nm long and with a high aspect ratio of 10) can be yielded in a two-step process. The single crystalline nature of Zn 2 GeO 4 nanorods with a crystalline core-crystalline shell structure was substantiated by HRTEM and SAED measurements. The interstitial Zn defect ðZn $ i Þ in Zn 2 GeO 4 markedly affected the PL of Zn 2 GeO 4 due to the lack of oxygen defect as revealed by Raman measurements. As the diameter of nanorods was decreased, both excitation and emission peaks red-shied due to the quantum size effect.
